Abstract
Introduction
Improving cycle parameters such as thermal efficiency and work produced by an engine or reducing exhaust gas emissions are the main objectives of many studies on energy systems [1] [2] [3] [4] . In order to calculate these cycle parameters precisely, we need an accurate computation of the changes of state due to combustion. Fuel-air mixtures are usually composed of more than one thermodynamic phase. Accordingly, rather than modeling the fuel-air mixture as an ideal gas mixture, a more realistic approach is to regard each individual species in their actual phases [5] . This task can be performed in two different ways, one of which is to provide the properties of the substances in a tabular form at predetermined temperature intervals and the values needed are calculated by interpolation. This method requires, handling thousands of thermodynamic values, large memory storage and does not permit use beyond the temperature limits of the table. A second and more commonly used technique is representation of the properties of each species by polynomials that allow direct calculation of the thermodynamic properties at any temperature. The polynomials obtained from fitting specific heat, entropy and enthalpy with simultaneous least squaring of are known as the NASA thermodynamic polynomials because of their use in a variety of NASA computer programs [6] . The NASA polynomials are usually fitted in the temperature range 300 to 5000 K one is for 300 to 1000 K and the other is from 1000 to 5000 K range [7] . Because the scope of this work is unburned mixture properties, polynomial coefficients of low temperature range (300 to 1000 K) is of concern.
Numerous researches of internal combustion engines and gas turbines [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] use these polynomial coefficients in performance calculations which calculate thermodynamic properties matching that of famous combustion software CHEMKIN [18] and of Gaseq [19] . In most cases, these coefficients for individual substances can only be found for gas phase but gas phase polynomial coefficients cannot represent thermodynamic properties at liquid phase. Accordingly, direct usage of gas phase coefficients for calculation of unburned mixture properties cause deviations in thermodynamic properties which deteriorate performance parameters such as net cycle work, thermal efficiency and energy efficiency, and also parameters that affect pollutant emissions such as adiabatic flame temperature and the combustion products. For instance, according to [20] the thermal NO x production rate doubles for every 90 K temperature increase beyond 2100 K.
In this study, a method presented in authors previous work [21] is used for calculation of polynomial coefficients for liquid fuels from the available ideal gas thermodynamic coefficients taken from [22] . Precision of presented liquid phase polynomial coefficients are improved. To show the reliability of the method, a comparison is made with polynomial coefficients which are directly derived from the actual liquid phase thermodynamic properties taken from the thermodynamic tables of NIST obtained from their renown software Refprop [23] . Calculation procedure of the unburned mixture temperature and mixture thermodynamic properties are presented for different fuel/ air ratios and fuel compositions allowing any reactant species to be included in the unburned mixture. The required liquid phase polynomial coefficients for 14 most frequently used chemical compounds such as methanol, ethanol, isooctane, toluene, which represent surrogates of diesel, gasoline jet-A and other frequently used liquid fuels are tabulated in famous NASA format to provide a reference for researchers of combustion and internal combustion engines. Effects of equivalence ratio and unburned mixture temperature on enthalpy, specific heat and entropy of unburned fuel-air mixtures as well as effects of phase change on adiabatic flame temperature are presented showing that correct determination of the polynomial coefficients is substantial to obtain thermodynamic properties, flame temperature and accordingly exhaust species accurately which would improve the precision of any thermo-economic and thermo-environmental model.
Theoretical Model
Equations (1)- (3) give molar specific heat, enthalpy and entropy respectively for each individual species i in the reactant mixture. a 1 -a 7 are the so called NASA polynomial coefficients of each species which are given in Table 2. where u R is the molar universal gas constant equal to 8.31434 kJ/kmol K defined as where M i denotes the molecular weight of the unburned reactant. After obtaining the thermodynamic values for each species i, thermodynamic properties of unburned fuel-air mixture at a certain temperature can be calculated according to the molar ratios y i as below:
Here, y i stands for the mole fractions of four constituents of air (O 2 , N 2 , H 2 O and Ar) and fractions of constituents of fuel if composed of more than one species. If present, any additional reactant species can be included in Eqs. (4)- (6) . When the equivalence ratio is known, fuel and air mass ratios can be obtained as follows:
Here, FA is the fuel-air ratio and FA s is the stoichiometric fuel-air ratio of the fuel. After obtaining the specific heats of air and fuel separately, temperature of the unburned fuel mixture can be calculated as follows:
Here, T fuel is fuel temperature, C p,fuel is the fuel constant pressure specific heat, m fuel is the mass of fuel, m air is the amount of total combustion air, and C p,air is the constant pressure specific heat corresponding to T air . If additional species exist, it should be included in Eq. (8) just as fuel and air.
For an arbitrarily selected liquid fuel toluene, thermodynamic properties obtained from Refprop are given in Figure 1 . The validation of Refprop data and reference states given to Refprop are done using Gaseq unburned results at dedicated temperature and pressure. The pressure entered in Gaseq is the pressure given by Refprop 0,10577 atm at an arbitrarily selected temperature of 320 K. At this pressure and temperature, Gaseq gives the enthalpy as 568,18 kJ/kg matches well with that of NIST Refprop, 567,28 kJ/kg, shown in Figure 1 .
Figure 1. Output of REFPROP for Thermodynamic Properties of Toluene at Dedicated Temperatures and Reference States
However, entropy of Refprop, 2,5082 kJ/kg K, verified from Goodwin [24] seems inconsistent that of Gaseq, 3,75706 kJ/kg K. This is because entropy of Gaseq given at 320 K and 0,10577 atm is for ideal gas phase and therefore needs the following correction given by Eq. (9) according to the equation of Gibbs for liquid state entropy at equilibrium state and the heat of vaporization at corresponding temperature:
Heat of vaporization in Eq. (9) and Eq. (10) can be calculated with Eq. (11) using the coefficients C 1 -C 4 and reduced temperature T r =T/T c . Here, T is the temperature in Kelvin and T c is critical temperature taken from [25] . C 3 and C 4 are equal to zero for the fuels investigated. Other variables used in Eq. (11) are tabulated in Table 1 .
In thermodynamics, the absolute values of enthalpy, entropy, and energy at a single state point are meaningless. It is only the difference between two different state points matters. Thus, the value for a single state point can be set to any arbitrary value.
Many handbooks set the arbitrary state point so that the values of these properties are positive for most liquid or gas states. The properties of enthalpy and entropy are computed as differences relative to some arbitrary reference state [26] . In this study, the liquid phase reference state enthalpies and entropies given to Refprop are set exactly to their values at 298,15 K and 1 bar which are calculated by substituting gas phase enthalpy and entropy values at 298,15 K and 1 bar into Eqs. (9)-(10). Gas phase enthalpy and entropy values at 298,15 K and 1 bar are obtained with Gaseq software using gas phase thermodynamic coefficients a 1 -a 7 for T=300-100K given in Table 2 . Calculated liquid phase reference enthalpy and entropy values, which are used to obtain properties from Refprop relative to NASA reference states, are presented in Table 1 .
Comparison of Table 3 and Table 4 show that enthalpy and entropy values calculated by Refprop according to the reference enthalpy and entropy data given in Table  1 can safely be used in obtaining liquid phase polynomial coefficients and will successfully represent the thermodynamic properties in consistency with Gaseq.
Properties of all fuels presented in Table  4 are obtained from the calculated liquid phase polynomial coefficients a 1 -a 7 . To obtain liquid phase polynomial coefficients, enthalpy values at 6 evenly distributed temperature in the range of 273,15 K to T sat are taken from Table 3 which presents the liquid phase thermodynamic properties calculated with Refprop. These enthalpy values are used to solve the equation: k x A = B for k to obtain a 1 -a 6 where and h in kJ/kg. To obtain a 7 , Eq. (8) is used. As there is only one unknown, one temperature value is enough to solve a 7 from Eq. (13) below: where s 1 is the liquid phase entropy at temperature T 1 . Using unburned mixture enthalpy, adiabatic flame temperature can be obtained minimizing DeltaT as follows:
Here h u is the total enthalpy of reactants, h b is the enthalpy of the products and C p is the specific heat of the burnt gas. Burned gas properties are calculated according to the chemical equilibrium method proposed by [6] and [27] considering 10 product species. Iteratively, adiabatic flame temperature is obtained by:
For each iteration (n), h u , h b and C p are reevaluated until DeltaT becomes less than an acceptable tolerance which is taken as 10 -5 in this study.
Results and Discussion
In order to determine liquid phase polynomial coefficients for toluene, n-decane, benzene, n-pentane and methanol and hexane, the actual enthalpy are entropy values taken from Refprop which are presented in Table 3 . These values are obtained using the liquid phase reference states given in Table 1 . Ideal gas thermodynamic data for low temperature (300-1000 K) [22] and calculated liquid (12) phase data are presented in Table 2 . To validate the obtained liquid phase thermodynamic data, thermodynamic properties are calculated using Eqs. (1)- (3) using the obtained liquid phase data given in Table 2 . The values are presented in Table 4 . Refprop values given in Table 3 and calculated values given in Table 4 are very close with an average absolute deviation in enthalpy |0.0011%|, entropy |0.0061%| and specific heat |0.3918%|. The absolute average deviation is |0.133%|. Further, comparison of Table 3 and Table 4 shows that liquid and ideal gas thermodynamic coefficients are well interchangeable as one can be converted to the other if vaporization enthalpies are known at each temperature step at which the polynomials are interpolated. Temperatures in Table 3 and Table 4 are started from 0 o C (except for benzene because of the Refprop's minimum temperature limit) and ended with the saturation temperature of each fuel at 1 bar. Figure 2 shows the variation of enthalpy of unburned fuel-air mixture with equivalence ratios changing between 0.3 and 1.4 and for unburned mixture temperatures of 300, 500, 700 and 900 Kelvin. According to Figure 2 , enthalpy increases almost linearly with unburned mixture temperature. Among the 10 fuels investigated, methanol mixture shows the highest enthalpy change at all temperatures followed by syngas, ethanol, dimethyl ether (dme) and methane mixtures. For T u =300 K, enthalpy of methanol decreases by 303% when equivalence ratio is increased from 0.3 to 1.4. For fuel-air mixtures with surrogates of diesel, gasoline, jet-A and also for isooctane and propane, effect of equivalence ratio on the mixture enthalpy is negligible. For example at 900 K enthalpy of gasoline is 647 kJ/kg at ⏀=0.3 and 672.4 kJ/kg at ⏀=1.4. However, the net effect of temperature change on the enthalpies of diesel, gasoline, jet-A and propane are almost the same. Figure 3 shows the variation of entropy of unburned fuel-air mixture with equivalence ratios changing between 0.3 and 1.4 and for unburned mixture temperatures of 300, 500, 700 and 900 Kelvin. According to Figure 3 , entropy increases almost linearly with unburned mixture temperature as for enthalpy. It can be seen from the figure that, for the same fuel, variation of entropy with equivalence ratio is almost parallel to each other. Among the 10 fuels investigated, syngas-air mixture shows the highest Figure 4 shows the variation of specific heat of unburned fuel-air mixture with equivalence ratios changing between 0.3 and 1.4 and for unburned mixture temperatures of 300, 500, 700 and 900 Kelvin. According to Figure 4 , specific heat increases linearly with equivalence ratio for each fuel-air mixture. It can be seen from the figure that, for the same fuel, variation of specific heats with equivalence ratio are parallel to each other for unburned temperatures of 300 K, 500 K, 700 K and 900 K as it was in Figure 2 and Figure  3 except for the case that the fuels are methanol, ethanol at 300 K where both fuels are in their liquid phase. Highest specific heat values are for methanol, ethanol, dme, methane and isooctane respectively for gas phase whereas in liquid phase specific heat is highest for methanol, syngas and ethanol which has a significantly higher specific heat than its successors isooctane, methane, jet-A and diesel. According to Figure 4 , lowest specific heats are for propane and dme at 300 K. Figure 5 shows the change of adiabatic flame temperatures of unburned fuel-air mixture for varying equivalence ratios at 300 K unburned mixture temperature. Unburned properties are calculated with gaseous polynomial coefficients and with calculated liquid fuel coefficients adiabatic flame temperatures are presented comparatively. This is a substantial difference in adiabatic flame temperature especially for ethanol and methanol in their gaseous and liquid phases as it was already stated that a 90 K increase in flame temperature would double the formation of thermal NO x . At stoichiometry, differences are 41 K and 70 K respectively. Using gas phase thermodynamic coefficients would cause important deviations in calculation of performance parameters and pollutant emissions such as NO x and CO which are highly dependent on the flame temperature. 
Conclusions
This paper shows variations of unburned mixture properties with temperature and equivalence ratio for various fuels and states that low temperature ideal gas polynomial coefficients can safely be used for liquid fuels when presented method is applied. Precision of enthalpies and specific heat values of unburned liquid fuels obtained by transformation of the ideal gas polynomial coefficients are satisfactory. For comparison, adiabatic flame temperatures of common liquid fuels are calculated both with available gas phase coefficients and obtained coefficients for liquid phase. According to the results, substantial differences are observed in adiabatic flame temperature especially for ethanol and methanol. Obviously, this error would cause important deviations in performance estimations and calculation of pollutant emissions such as NO x and CO which are highly dependent on the flame temperature. As a result, to obtain a correct unburned mixture temperature, adiabatic flame temperature and consequently correct performance results and exhaust gas compositions for liquid fuels, liquid phase polynomial data which can be obtained from the available gas polynomial coefficients should be used.
